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We have previously identified a cysteine-rich calcium
binding protein S100A3 present in the cuticle of human
hair fiber. In this study, we cloned a cDNA for mouse
S100A3, identified its gene location, and elucidated the
expression profile throughout hair follicle development.
The mouse S100A3 gene was clustered with other S100
family members on chromosome 3, and specifically
expressed in dorsal skin containing hair follicles. The
level of S100A3 mRNA was elevated during the anagen
phase of the hair growth cycle, and sharply declined from
the regression phase on. In situ hybridization revealed
that the S100A3 gene was prominently expressed in
cuticular cells of the hair follicle, and mRNA levels were
highest in the keratogenous zone over the entire cuticular
Mammalian hair shaft consists of keratinized tissueformed periodically from epithelial matrix cellswithin the hair follicle. One of the remarkablefeatures of the hair shaft is the regeneration thatresults from cyclic morphogenesis of the hair follicle
(reviewed by Hardy, 1992). The hair cycle has three phases: anagen,
the active phase of hair growth; catagen, the short transitional phase
of regression; and telogen, the terminal phase. Initially, epithelial matrix
cells of the anagen phase proliferate substantially, differentiating into
two distinctive populations. One population is transformed into the
matrix peripheral cell layer, which builds up the inner root sheath.
The second population is the precursor of the three innermost cell
layers (i.e., the cuticle, cortex, and medulla of mature hair shaft). In
the following catagen phase, cell proliferation stops and cells become
fully differentiated. The final telogen phase is the stationary phase, where
neither cell division nor differentiation takes place. The underlying
molecular mechanism that governs each stage of hair formation is
largely unknown. To better understand the mechanisms of hair growth,
this study has focused on the hair follicle, including matrix cell
proliferation, differentiation, and apoptosis.
S100 proteins constitute the largest subfamily in the EF-hand-
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layer. Expression was also observed to a lesser extent in
differentiated cortical cells; however, expression was not
observed in any other component of the hair follicle or
dorsal tissues. Immunohistochemical analysis showed
that the S100A3 protein accumulated in cuticular and
cortical cells undergoing terminal differentiation. These
results indicate that the S100A3 gene is exclusively
expressed, and the translation product retained, in follicu-
lar cells differentiating into major components of the
hair shaft. It seems likely that S100A3 plays an important
role in calcium-dependent processes leading to hair shaft
formation. Key words: cuticle/differentiation/hair cycle/S100
protein. J Invest Dermatol 111:879–886, 1998
type calcium-binding protein superfamily (reviewed by Scha¨fer and
Heizmann, 1996). It has been suggested that certain members of
this family are involved in cell-cycle progression or differentiation
(Selinfreund et al, 1991). In the hair follicle, S100A6 (calcyclin) is
postulated to control differentiation of the medullary and inner root
sheath cells by regulating intracellular calcium levels (Wood et al, 1991).
Trichohyalin is a multifunctional intermediate filament-associated pro-
tein (IFAP) possessing S100-like calcium-binding domains (Lee et al,
1993). Similar to S100A6, this unusual member of the S100 family is
also expressed in the medulla and inner root sheath of the hair follicle.
The functional calcium-binding domains of trichohyalin are considered
to be involved in calcium-dependent processes of keratinization,
including its own post-translational modifications (Rogers et al, 1997).
Such calcium-dependent regulations are thought to be essential for the
development of all types of hair follicular cells. To date, however, no
such calcium-binding protein has been identified in cuticular and
cortical cells, both of which are ultimately transformed into major
components to the hair shaft.
The S100A3 gene was first reported as a member of the gene cluster
found in human chromosome 1q21 (Engelkamp et al, 1993). The
cluster consists of genes for at least 13 different S100A proteins (Scha¨fer
et al, 1995; Wicki et al, 1996). Genes constituting the epidermal
differentiating complex include the cornified cell envelope precursors,
loricrin, involculin, and small proline-rich proteins (SPRR1, SPRR2,
and SPRR3); IFAP possessing S100-like calcium-binding domains,
profilaggrin, and trichohyalin; and calcium-binding S100A proteins
(Marenholz et al, 1996). Most members of this gene complex play
important roles during terminal differentiation of the epidermis
(Mischke et al, 1996). Among these gene products, the spatial and
temporal distribution of S100A3 was unknown.
Similar to other S100 proteins, human S100A3 has two EF-hands
that function as calcium-binding domains (Fo¨hr et al, 1995). S100A3
is distinct from other S100 proteins in its very high cysteine content
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(10 of 101 amino acids). Cysteine-rich proteins are frequently found
in tissues that are highly resistant to physical or chemical attacks. We
have shown that the human S100A3 protein was abundantly expressed
in the cuticle, which provides a tough and impervious layer for the
emerging hair shaft (Kizawa et al, 1996). These findings suggest that
S100A3 may provide the rigid yet flexible structural integrity of
cuticular cells by forming disulfide bridges.
Considering the morphologic differentiation subject to epithelial
matrix cells, it is necessary to examine the expression pattern of S100A3
in the hair follicle. Information on such studies will aid in our
understanding of the hair formation process, as well as the physiologic
roles of calcium-binding protein in cellular events. In this study, we
cloned a cDNA for the mouse S100A3 and examined its expression
profile. Here, we report the predominant gene expression of S100A3
in cuticular and cortical cells of the hair follicle in a developmental-
stage specific manner.
MATERIALS AND METHODS
Genomic DNA and RNA isolation from mouse tissue Pregnant ICR
mice and C3H/HeNCrj mice (7 wk old) were purchased from Charles River
Japan (Yokohama, Japan). Genomic DNA was prepared from the spleen of
ICR mice using RapidPrep isolation kit (Pharmacia Biotech, Uppsala, Sweden).
Strips of dorsal skin were excised from ICR mice at various ages and from
C3H mice after artificial depilation at 8 wk by using a mixture of wax and
rosin (Paus et al, 1990). Total cytoplasmic RNA from the strips were prepared
by extraction with guanidine isothiocyanate-phenol-chloroform solution
(Chomczynski and Sacchi, 1987) followed by purification on RNAMATRIX
(Bio101, Vista, CA). Total RNA from various other mouse tissues were
purchased from OriGene (Rockville, MD). Poly(A)1 RNA was purified using
Oligotex-dT30 super (Takara, Kyoto, Japan).
cDNA amplification and sequence determination Full-length mouse
S100A3 cDNA cloning was subsequently performed with the determinations
of 59- and 39-end sequences as described (Chenchik et al, 1996). Adapter-
ligated double-stranded cDNA was constructed with poly(A)1 RNA from the
dorsal skin of a 9 d old mouse utilizing a Marathon cDNA amplification kit
(Clontech, Palo Alto, CA) according to the supplier’s protocol. Mouse S100A3
gene specific sense primer 59-CCAGGAGTATGCAGGGCGCTGTGGGG-39
and anti-sense primer 59-CTTCGCAGTCTTTGTTGGTATCCAG-39 were
synthesized based on consensus expressed sequence tag (EST) sequences
(accession no. AA166129, AA168071, and AA168187) in the high quality
region. Rapid amplifications of cDNA ends (RACE) were performed using
the universal adapter primer either with the S100A3 gene specific sense primer
for 39-RACE or with the anti-sense primer for 59-RACE following the
supplier’s instructions.
RACE products were ligated to pGEM-T vector (Promega, Madison, WI)
using T4 DNA ligase, and resultant plasmids were sequenced. To verify the
linkage of the 59- and 39-RACE products, and to obtain the full-length cDNA,
the entire transcribed region was amplified by polymerase chain reaction (PCR)
using sense 59-end sequence primer 59-CAAATAGGGACACCCAGTTG-
GTAGGC-39 and antisense 39-end sequence primer 59-CCAAGAAGACAT-
TTCTTTATTGGGAG-39. Finally, PCR products were cloned into pGEM-
T vector and sequenced from both strands.
Isolation of genomic bacterial artificial chromosome (BAC) clone Two
mouse genomic BAC clones containing S100A3 (screened from a BAC library,
ES-129/SvJ release II, by Genome Systems, St. Louis, MO) were used for the
examination of the clustering organization of S100 protein genes on the
mouse genome.
Riboprobe preparation Partial cDNA fragments of S100A3 (315 bp),
S100A4 (368 bp), S100A6 (257 bp), and hacl-1 (547 bp) were amplified using
cDNA from dorsal skin of a 9 d old mouse as the template with each pair of
oligonucleotide primers, forward, 59-CCAGGAGTATGCAGGGCGCTGTG-
GGG-39 and reverse, 59-GGAGGACTGGAGCAGACCCTGCCCTTC-39;
forward, 59-GGAGGCCCTGGATGTAATTGTGTC-39 and reverse, 59-
AGTAAGGCACTATGCTCACAGCCA-39; forward, 59-CAGTCATGGCA-
TGCCCTCTGGATCA-39 and reverse, 59-GTAGATCAAAGCCAAGGCC-
CCCAGG-39; forward, 59-GCTCTTCCAGGCCAGTTGGAGGACG-39 and
reverse, 59-GTTCTTCGGCAGCTGGATACACAGG-39, respectively.
Resultant PCR products were subsequently cloned into pGEM-T vector.
The vector harboring either these PCR products, the full-length mouse
S100A3 cDNA (712 bp), or human glyceraldehyde 3-phosphate dehydrogenase
(G3PDH) fragment (Clontech) were subjected to in vitro transcription to yield
digoxigenin labeled RNA probes using an RNA labeling kit (Boehringer,
Mannheim, Germany).
Southern blot hybridization Genomic and BAC clone DNA were digested
with restriction endonuclease, size separated through 0.8% agarose gel, and
transferred to a positively charged nylon membrane by diffusion blotting.
Membrane bound DNA was then cross-linked by ultraviolet radiation (120 mJ
per cm2). The membrane was prehybridized for 2 h at 50°C in 5 3 sodium
citrate-sodium chloride buffer (SSC) containing 50% formamide, 0.02% sodium
dodecyl sulfate (SDS), 2% blocking reagent (Boehringer), and 0.1% N-lauroyl
sarcosine. Following prehybridization, blots were hybridized with digoxigenin-
labeled anti-sense riboprobes for 16 h under the same conditions. The membrane
was initially washed two times, 5 min each, in 2 3 SSC containing 0.1% SDS
at room temperature. Washing was repeated two more times, 15 min each, in
0.1 3 SSC containing 0.1% SDS at 68°C. The membrane was then incubated
with alkaline phosphatase conjugated anti-digoxigenin antibody (Boehringer).
Hybridized probes were detected with chemiluminescence of CDP-star (Tropix,
Bedford, MA) by exposing the membrane to RX-U X-ray films (Fujifilm,
Tokyo, Japan).
Northern blot hybridization Total RNA was separated on a 1.2% agarose
gel containing 0.4 M formaldehyde, transferred, and cross-linked to a positively
charged nylon membrane. The membrane was prehybridized for 2 h at 68°C
in 50 mM sodium phosphate buffer (pH 7.0) containing 50% formamide,
5 3 SSC, 7% SDS, 2% blocking reagent (Boehringer), 0.1% N-lauroyl sarcosine,
and 0.005% yeast tRNA. Blots were hybridized with the digoxigenin-labeled
anti-sense probes for 16 h under the same conditions. Membrane washing and
detection of the signals corresponding to hybridized probes followed Southern
blot hybridization protocols. Filters were not re-probed. Same RNA samples
were used when comparing band patterns among filters hybridized with
different probes.
Histochemistry Dorsal skin tissues were excised from ICR mice and fixed
in 4% paraformaldehyde for 16 h at 4°C and embedded in paraffin. Microtome
sections 6 µm thick were placed on silane-coated slides. In situ tissue hybridization
was performed as previously described (Komminoth et al, 1992). In short, the
sections were deparaffinized, immersed in 0.1 M HCL, and permealized in
20 µg per ml of proteinase K (Boehringer) at 37°C for 10 min. Permealization
was followed by post-fixation and treatment with glycine and acetylation.
Prehybridization was performed for 2 h at 45°C in 10 mM Tris-HCl (pH 8.0)
containing 50% formamide, 5 3 SSC, 1 3 Denhard’s solution, 10% dextran
sulfate, 0.02% SDS, 0.025% yeast tRNA, 2% blocking reagent, and 0.1%
N-lauroyl sarcosine. Denatured labeled probes diluted with the hybridization
buffer (0.2 ng per ml) were applied to each tissue section and hybridized for
16 h. Sections were washed at 45°C in 2 3 SSC containing 50% formamide
for 30 min, 2 3 SSC for 20 min, and twice in 0.2 3 SSC for 20 min each
time. Hybridized probes were reacted with alkaline phosphatase conjugated
anti-digoxigenin antibody. Probes were visualized using 5-bromo-4-chloro-3-
indoyl phosphate and nitroblue tetrazolium.
Immunohistochemistry was performed on the deparaffinized and hydrated
sections by using the avidin-biotin peroxidase complex method (Hsu et al,
1981). The sections were permealized using proteinase K, and endogenous
peroxidase was inactivated by incubation with 0.3% H2O2 in methanol. After
blocking with goat serum, the sections were reacted with either rabbit anti-
serum specific against human S100A3 (Kizawa et al, 1996), or control preimmune
serum at a dilution of 1:500 for 30 min at room temperature. Bound antibody
was reacted with biotinyl goat anti-rabbit IgG antibody and avidin-biotin
peroxidase complex (Vector Laboratory, Burlingame, CA), and visualized with
nickel-enhanced diaminobenzidine. Finally, the tissue sections were counter
stained with hematoxylin.
RESULTS
Identification of mouse S100A3 A BLAST search3 of expressed
sequence tag (dbEST)4 data base identified several mouse clones that
showed significant homology to human S100A3. Utilizing the EST
sequences, we performed a RACE PCR, and obtained the full-length
cDNA (Fig 1; for details see Materials and Methods). The 0.7 kbp
cDNA obtained was 71% identical to human S100A3 in the nucleotide
level. In particular, nucleotide sequence of the open reading frame is
highly conserved (90% identity), as were those of several other S100
3BLAST search was carried out on the World Wide Web internet server;
http://www.ncbi.nlm.nih.gov/BLAST.
4EST information was obtained through the World Wide Web internet
server; http://www.ncbi.nlm.nih.gov/dbEST/index.html.
VOL. 111, NO. 5 NOVEMBER 1998 S100A3 EXPRESSION IN HAIR FOLLICLE 881
Figure 1. Nucleotide and deduced amino acid sequence of mouse
S100A3. Amino acid sequence is indicated below the corresponding nucleic
acid sequence. Only the amino acids of human S100A3 that differ from the
mouse S100A3 sequence are indicated on the third line. The two helix-turn-
helix domains that define EF-hand motifs are boxed. Calcium-binding loops
within them are italicized. The stop codon and a consensus polyadenylation
signal are underlined. This sequence has been deposited in the Genbank data
base and is available under accession number AF004941.
genes (Engelkamp et al, 1992; Zimmer et al, 1996). Deduced amino
acid sequence was 90% identical to human S100A3.
Characteristic features of human S100A3 identified in mouse protein
include a 14-residue S100-type noncanonical calcium-binding loop
(Ala-20 to Glu-33), and a 12-residue canonical EF-hand loop (Asp-
63 to Glu-74). Both loops were flanked by α-helixes at either terminus
and separated by a central hinge region. Nine of 10 cysteine residues
found in human S100A3 are conserved in the mouse protein, whereas
Cys-81 was replaced with Ser. Taken together, we conclude that this
gene was the mouse homolog of S100A3. It should be noted that
amino acid substitutions to proline in mouse S100A3 (positions 43,
95, and 100) apparently enhanced its proline-rich characteristic (seven
of 101 residues) compared with human S100A3 (four of 101 residues).
Most of the proline residues were localized at the C-terminal region.
Other amino acid substitutions were conservative.
We have also identified a rat genomic clone (accession no. U94663)
showing significant homology with the mouse S100A3 by BLAST
search. This clone contains two exons of rat S100A3 gene likely
corresponding to human exons 2 and 3. The deduced amino acid
sequence of the rat homolog also contains the proline-rich region in
the C-terminus.
Clustering organization of S100 genes in mouse genome
Southern blot analysis of the mouse genomic DNA hybridized with
the full-length mouse S100A3 riboprobe showed a simple banding
pattern, indicating a single copy gene (Fig 2a). To map the mouse
S100A3 gene in the whole genome, we performed Southern blot
hybridization of two genomic BAC clones containing S100A3 (see
Materials and Methods). In addition to S100A3, S100A4 and S100A6
riboprobes were also hybridized to both of the clones. Results show
that these three S100 genes were clustered in the mouse genome
(Fig 2b). Both S100A4 and S100A6 have been mapped on chromosome
3 (Dorin et al, 1990), indicating that the S100A3 gene is present in
the same region on chromosome 3. S100A3 and S100A4 probes
recognized the same BamHI, EcoRI, and BamHI 1 EcoRI restriction
fragments. In addition, S100A4 and S100A6 probes were hybridized
to the same EcoRI fragment (Fig 2b). Based on these results, and the
previously reported restriction map of S100A4 and S100A6 (Dorin
et al, 1990), we could construct a restriction map of three mouse S100
genes (Fig 2c). Figure 2(c) illustrates that the S100A3 gene is 4 kbp
from S100A4, and 14 kbp from S100A6.
Gene expression of S100A3 is restricted to skin containing hair
follicle Expression of mouse S100A3 gene was examined in various
tissues by northern blot analysis. Total RNA from skin containing hair
follicles showed a single strong band corresponding to mouse S100A3
transcripts; whereas those from various other tissues failed to show a
positive signal (Fig 3a). The size of mouse S100A3 mRNA in the
skin was consistent with that of the isolated S100A3 cDNA clone
(0.7 kbp).
S100A3 gene is expressed in accordance with the hair cycle
Time course studies were performed on mouse S100A3 transcription
by northern blot analysis during developmental periods. As shown in
Fig 3(b), S100A3 mRNA was detected in mouse dorsal skin 3–18,
and 24–36 d after birth. These time periods correspond to the first
and second anagen phases of hair growth, respectively (Dry, 1926). In
the second anagen phase, signal levels of individual mice varied to
some extent during early periods from 24 to 30 d. Explanation for the
reductions of the G3PDH mRNA level during both the first and the
second anagen phases was probably due to morphogenesis of the hair
follicle. Data in Fig 3(b) confirms the periodical expression of S100A3
mRNA as compared with the steady expression of G3PDH mRNA.
In situ hybridization was performed to gain further insight into the
spatial expression profile of S100A3. A dramatic increase in mRNA
levels occurs 3 d after birth. During this period, intense staining for
S100A3 was observed in the developing cuticle within the neonatal
hair follicle (Fig 4a). At 18 d, a faint signal was detected in the bottom
part of the ascending club hair (Fig 4b). Thus, the reduction of the
northern signal during the 15–18 d period corresponded to the catagen
phase. No signal was detected with in situ hybridization (Fig 4c) or
with northern analysis until the new hair shaft was formed (i.e., during
the telogen phase to the early stages of the second anagen phase; 19–
21 d). The retrieved signal at 22 d was derived from the uppermost
cuticular layer of the regenerating hair shaft in the second anagen stage
(Fig 4d). The S100A3 signal from in situ hybridization was not detected
in either the interfollicular epidermis or the dermis at any point during
the examination. The sense probe did not detect any signal, confirming
the specificity of the in situ hybridization (data not shown). This
observation indicates that the S100A3 gene is exclusively expressed
within the hair follicle.
S100A3 gene is expressed prior to IFAP Transcription of IFAP
genes (e.g., ultra-high sulfur protein, serine-rich ultra-high sulfur
protein, and high-glycine/tyrosine protein) are known to peak at 8–9 d
after birth (during the first hair cycle), as well as at 33–39 d (during
the second cycle) (McNab et al, 1989; Wood et al, 1990; Aoki et al,
1997). Northern analysis of S100A3 mRNA exhibits the highest levels
at 6–9 d and 27–33 d after birth (Fig 3b). These results suggest that
the expression period of S100A3 was slightly earlier than those of the
IFAP genes.
In order to perform a more detailed comparison of the timing of
hair-specific gene expression, we synchronized the anagen phase by
artificial depilation. For this study, we examined the expression of
S100A3 and hacl-1, which is a cortex-specific IFAP gene (Huh et al,
1994). As shown in Fig 5, neither S100A3 nor hacl-1 were detected
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Figure 2. Clustering organization of
mouse S100A3, S100A4, and S100A6. (a)
Southern blot analysis of genomic DNA.
Genomic DNA (5 µg) digested with
restriction enzymes were separated by
electrophoreses in 0.8% agarose and
transferred to nylon membrane. The
membrane was hybridized with digoxigenin-
labeled full-length S100A3 riboprobe. Size
markers are shown on the left. (b) Southern
blot analysis of BAC clone DNA. Blots of
BAC clone DNA (0.1 ng) digested with
restriction enzymes were hybridized with
digoxigenin-labeled S100A3, S100A4, or
S100A6 riboprobe indicated below. Similar
results were obtained with two BAC clones.
(c) Restriction map of S100 gene cluster on
mouse chromosome 3. B, BamHI; E, EcoRI;
H, HindIII.
during the early stage of anagen phase (0–3 d; anagen stages I–III by
the definition of Chase et al, 1951). During the following early
developmental stage of the hair shaft (7–12 d; anagen IV and V), the
S100A3 transcript was significantly detected, but the hacl-1 signal was
either absent or very faint. Transcriptions of both genes were high
during the elongation stage of the hair shaft (14 d; anagen VI), and
subsequently declined at the catagen phase (17–20 d). These results
clearly reveal that the transcription of S100A3 started earlier than that
of hacl-1 in the highly synchronized hair cycle.
S100A3 gene is expressed in the differentiating cuticular and
cortical cells complementary to S100A6 To fully elucidate
S100A3 gene expression, closer examination of the hair follicle during
the anagen phase was performed. Within differentiating cuticular cells,
the S100A3 transcript was detected from the supramatrical zone to the
keratogenous zone in differentiating cuticular cells (Fig 6a, b). The
strongest signal was observed in the keratogenous zone, and the signal
decreased as the degree of differentiation increased. Differentiating
cortical cells were sparsely stained only in the keratogenous zone.
Signals were not detected in bulb cells or the remaining hair matrix
daughter cells (i.e., medullary and inner root sheath cells).
Tissue specificity studies between S100A3 and S100A6 were com-
pared within the hair follicle. In contrast to the expression of S100A3,
S100A6 was solely expressed in medullary and inner root sheath cells
(Fig 6c, d). The S100A6 signal started to appear in the supramatrical
zone, and showed the strongest signal in the keratogenous zone of
each tissue. These results indicate that all matrix daughter cells expressed
either S100A3 or S100A6, but not both of them together.
S100A3 protein accumulates in the mature hair shaft
Accumulation of the mouse S100A3 protein in the hair follicle was
measured with rabbit anti-serum. The anti-serum was prepared by
immunizing peptide antigen with human S100A3 (60–74) sequence
(Kizawa et al, 1996) common to the mouse sequence except for one
conservative substitution (Val-73 to Gly). Consistent with in situ
hybridization results, strong immunostaining was observed in cuticular
cells; whereas a weak signal was observed in cortical cells (Fig 7a).
The control preimmune serum showed no positive signal under the
same conditions (Fig 7b), confirming the specificity of the anti-serum.
An intense signal was detected from the keratogenous zone (Fig 7c)
to the isthmus beyond the labeled zone with in situ hybridization
(compare Fig 6a vs 7c, and 6b vs 7a). These results suggest that S100A3
was abundantly translated at the keratogenous zone, and the quantity
of product increased during terminal differentiation.
DISCUSSION
In this study, we have identified the mouse S100A3 gene and elucidated
its tissue distribution. Structural features of S100A3, such as the two
EF-hand motifs common to all S100 proteins, and the highest cysteine
content among S100 proteins (Engelkamp et al, 1993), were well
conserved between human and mouse; however, mouse S100A3
protein had a proline-rich region in its C-terminus (Fig 1). A similar
proline-rich sequence was deduced from a rat genomic clone (see
Results). Considering these similarities, it is apparent that this molecular
feature is conserved among rodent species.
Mouse S100A4, S100A6, loricrin, and profilaggrin genes have
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Figure 3. Tissue-specific and periodical expression of mouse S100A3.
(a) Tissue distribution of the mouse S100A3 transcript. Northern hybridization
was performed with total RNA from mouse various tissues. Total RNA (each
lane contains 5 µg) was separated by electrophoresis in 1.2% agarose and
then transferred to a nylon membrane. The membrane was hybridized with
digoxigenin-labeled full-length S100A3 or G3PDH riboprobe. (b) Time course
of the S100A3 transcript in mouse skin during cycles of hair growth. Northern
hybridization performed as above with total RNA (each lane contains 5 µg)
from whole dorsal skin of ICR mice at various ages.
Figure 4. Hair cycle dependent in situ localization of S100A3 mRNA in mouse skins. In situ hybridization with digoxigenin-labeled S100A3 anti-sense
riboprobe was performed on paraffin sections of ICR mouse dorsal skin containing hair follicles at various developmental stages. (a) Longitudinal section of 3 d
old mouse skin. Developing cuticle (arrow) within the early anagen hair follicle is stained. (b) Longitudinal section of 18 d old mouse skin. The bottom part of club
hair (arrows) within the ascending catagen hair follicles are stained. (c) Longitudinal section of 19 d old mouse skin. No signal was observed with any telogen hair
follicle. (d) Longitudinal section of 22 d old mouse skin. Cuticular layer equipped with hair shaft tip (arrow) within the regenerating hair follicle is stained. Scale
bars: 100 µm.
previously been cloned and mapped on chromosome 3 (Dorin et al,
1990; Rothnagel et al, 1994). Southern blot analyses of the mouse
genome and BAC clones indicate that the S100A3 gene is clustered
with S100A4 and S100A6 genes (Fig 2). In addition, the rat genomic
clone contained no genes between the S100A3 sequence and the
S100A4 promoter (unpublished observation). Similar clustered organ-
ization was previously reported for human S100A3, S100A4, and
S100A6 genes on chromosome 1q21, a region syntenic with the S100
gene complex on mouse chromosome 3 (Engelkamp et al, 1993;
Scha¨fer et al, 1995). Our data indicate that mouse S100A3 is located
adjacent to S100A4 and close to S100A6 on chromosome 3. Further-
more, the genomic organization of these genes is evolutionary conserved
between human and murine.
The expression level of human S100A3 in diaphragm, heart, skeletal
muscle, stomach, lung, liver, fat tissue, and placenta was reported to
be very low when analyzed by reverse transcriptase-PCR (Engelkamp
et al, 1993). Our northern blot analysis showed no significant mouse
Figure 5. Comparative gene expression of S100A3 and hacl-1 in the
synchronized hair cycle. Total RNA prepared from whole dorsal skin of
C3H mice at various days after artificial depilation was subjected to northern blot
analysis. Total RNA (each lane contains 1 µg) was separated by electrophoresis in
1.2% agarose and then transferred to a nylon membrane. The membrane was
hybridized with digoxigenin-labeled anti-sense riboprobe for S100A3, hacl-1,
or G3PDH.
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Figure 6. Complementary distribution of S100A3 and S100A6 within
hair follicles. In situ hybridization was performed with digoxigenin-labeled
anti-sense riboprobes for S100A3 and S100A6. S100A3 probe was hybridized
to longitudinal sections of an anagen hair follicle (a), and to oblique skin
sections (b). S100A3 mRNA signal is detected strongly in cuticle and weakly
in cortex. S100A6 probe was hybridized to the longitudinal sections (c), and to
the oblique sections (d). S100A6 mRNA signal is detected in medulla and inner
root sheath. Complementary tissue expression pattern of the two S100 proteins
is evident from the comparison of (a) vs (c) and (b) vs (d). Cu, cuticle; Co,
cortex; M, medulla; I, inner root sheath. Scale bars: 50 µm.
S100A3 transcripts in brain, heart, kidney, spleen, thymus, liver,
stomach, small intestine, muscle, lung, or testis (Fig 3a). The mouse
S100A3 gene was, in fact, predominantly transcribed in dorsal skin
containing anagen hair follicles (Figs 3, 5). These results, together
with our previous data regarding the human S100A3 in hair fiber
(Kizawa et al, 1996), indicate that the hair follicle is the only tissue
where the S100A3 gene is strongly expressed in both human and mouse.
The hair follicle consists of the outer and inner root sheath, cuticle,
cortex, and medulla. Each type of follicular cell synthesizes its own
distinct set of proteins (reviewed by Powell and Rogers 1997). For
example, an intermediate filament hair keratin gene expressed in the
cuticular cells differs from those in cortical cells (Winter et al, 1994).
IFAP genes are also differentially expressed in different cell types.
Genes for serine-rich ultra-high sulfur proteins are expressed in medulla
and inner root sheath (Wood et al, 1990). Genes for ultra-high sulfur
proteins are transcribed in the cuticle (MacKinnon et al, 1990; Jenkins
and Powell, 1994) and cortex (Powell et al, 1995), whereas high
glycine/tyrosine proteins are expressed in the cortex (Aoki et al, 1997).
Previously described calcium-binding proteins of the hair follicle,
trichohyalin and S100A6, are expressed in the inner root sheath and
medulla (Rothnagel and Rogers, 1986; Wood et al, 1991).
In contrast to the ubiquitous distribution of hair keratin and IFAP
families in the follicle, no calcium-binding protein has been found in
cuticular or cortical cells. Through in situ hybridization and immuno-
histochemistry, we have identified a missing calcium-binding protein.
The S100A3 gene transcript and its translation product are primarily
located in cuticular cells, and to a lesser extent in cortical cells of
mouse hair follicle (Figs 6a, b, 7).
It is intriguing that gene expression of S100A3 is complementary to
that of S100A6 in the matrix daughter cells of the hair follicle (Fig 6).
Although the mechanism attributed to this tissue-specific expression is
elusive, clustering of S100 genes is likely to be an important factor for
regulating their expression. Nevertheless, this tissue specificity suggests
that S100A3 also functions as a calcium-binding protein in cuticular
and cortical cells, as does S100A6 or trichohyalin in medullary and
inner root sheath cells (Wood et al, 1991; Lee et al, 1993). It is also
possible that these proteins are required for the differentiation of each
cell. Indeed, the strongest mRNA signals of S100A3 and S100A6 are
observed in the keratogenous zone of complementary tissues within
the hair follicle (Fig 6), suggesting that these S100 proteins are closely
associated with the keratinization of the hair shaft.
Hair growth is characterized at the molecular level through the
cyclic synthesis of hair-specific proteins within the differentiating
follicular cells. Murine hair follicles provide a good experimental system
for elucidating the temporal pattern of each gene expression. This
statement is supported by the synchronous and cyclic fashion by which
hair growth occurs. The expression of S100A3 gene during the first
anagen phase in mouse dorsal skin was similar to the overall time
course of several IFAP gene expressions (McNab et al, 1989; Wood
et al, 1990; Aoki et al, 1997; Fig 3b); however, the unsynchronized
occurrence of the anagen phase at separate islands in dorsal skin, and
intra- and interanimal deviation, prevented us from designating the
early stage of the second anagen phase. Other difficulties were attributed
to the tissue specificity of each gene expression, specifically when
attempting to distinguish early developmental stages in the second
phase from previously reported northern or dot blot hybridization
data. Complications were compounded by fluctuating S100A3 mRNA
levels during early second anagen phase. Despite these obstacles, we
consistently detected a strong expression at 24 d after birth (Fig 3b).
In situ hybridization confirmed that mRNA expression at 22 d was
derived from the tip of the cuticular layer, representing the very early
developmental stage of the hair shaft (anagen IV; Fig 4d).
An important aspect of this study has shown that the S100A3 gene
is exclusively expressed during hair shaft developmental stages (anagen
IV–VI) in the synchronized adolescent anagen phase entrained by
depilation (Chase et al, 1951; Fig 5). Later timing measurements
compared with the first neonatal anagen phase (Fig 3b) reconciled that
the fetus skin was ready to form hair shafts during prenatal life
(Hardy, 1992). Thus, we conclude that S100A3 expression is highly
synchronized with hair growth throughout the neonatal and adolescent
hair cycle.
The order and timing of expression for each gene in the hair follicle
are dependent on developmental stages of mouse dorsal skin. Northern
blot analysis showed that the level of S100A3 mRNA, prominently
transcribed in cuticle, apparently rose earlier than the expression of
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Figure 7. Localization of translation product
of S100A3 gene. Immunohistochemical
localization of S100A3 protein was examined on
paraffin sections of anagen hair follicles.
Transverse sections were reacted with the anti-
serum against S100A3 (a), and with the control
preimmune serum (b). The immunostainings are
observed with cuticle and cortex in the follicle
sections of the keratogenous zone and the isthmus
region (arrows). (c) Longitudinal sections were
reacted with the anti-serum against S100A3. The
intense signal with the cuticular layer persists
from the keratogenous zone upward. Nuclei are
counter stained with light blue by hematoxylin.
Cu, cuticle; Co, cortex; M, medulla; I, inner
root sheath; O, outer root sheath. Scale bars:
50 µm.
hacl-1 gene, a cortex specific IFAP (Fig 5). The time lag between
S100A3 and hacl-1 gene expressions may result from the maturation
order of the cuticle and cortex. The cuticle normally forms at the tip
of the hair shaft in its very early developmental stage, ready to penetrate
through the hair canal. Time differences may also be attributed to
higher populations of differentiating cuticular cells in early develop-
mental stages of hair shaft (anagen IV and V) than in the later stage
(anagen VI).
In the cuticular layer, expression of S100A3 started from the
supramatrical zone (Fig 6a, b), whereas ultra-high sulfur proteins,
presumable structural components of mature cuticle, were expressed
in the upper keratogenous zone (MacKinnon et al, 1990; Jenkins and
Powell, 1994). Accumulation of S100A3 protein in the keratogenous
zone upward (Fig 7), however, strongly suggests the existence of
calcium-dependent processes associated with tissue formation in hair
follicle. Absence of ultra-high sulfur protein expression in the lower
follicle shaft indicates that the S100A3 gene was transcribed earlier
than the genes for ultra-high sulfur proteins. This cascade-like expres-
sion pattern may implicate that S100A3 play important roles in
significant cellular events, including morphologic transformation of
cuticular and cortical cells leading to maturation of the hair shaft.
Formation of intermolecular disulfide bridges is considered to be
the major chemical process underlying keratogenesis. S100A3 is thus
likely to form a complex with IFAP, or hair keratins proximally
expressed (MacKinnon et al, 1990; Jenkins and Powell, 1994; Winter
et al, 1994). Reduction and alkylation of cysteine residues in recombin-
ant S100A3 (i.e., cleavage of intramolecular disulfide bridges) enhance
its affinity for calcium (Fo¨hr et al, 1995). Therefore, we have postulated
that naturally occurring S100A3 would express its full calcium-binding
potency after cross-link formation with cysteine-rich proteins (Kizawa
et al, 1996). Indeed, S100A3 is specifically expressed in differentiating
cuticular and cortical cells (Figs 6a, b, 7), where IFAP and keratins
are abundantly present. As cells undergo terminal differentiation, cross-
linking and expression of calcium-binding activity of S100A3 would
increase due to accumulation of cysteine-rich proteins. Taken together,
S100A3 protein seems likely to participate in follicular differentiation
through the regulation of intracellular calcium concentration. Variability
in affinity of S100A3 for calcium may be necessary to function as a
modulator in cuticular or cortical cells.
During follicular differentiation, S100A3 protein may act as either
a calcium donor or a calcium acceptor, depending on target molecules.
As the putative effector molecule of such S100A3-mediated calcium
signaling, two calcium-dependent enzymes that catalyze post-transla-
tional modification of structural proteins are present in the hair follicle.
One enzyme is peptidylarginine deiminase, responsible for converting
arginine residues to citrullines. Expression of this protein is confined
to the inner root sheath and medulla, similar to trichohyalin. Tricho-
hyalin, but not S100A3, is the presumable substrate and regulator of
this enzyme (Rogers et al, 1997). The second calcium-dependent
enzyme is transglutaminase. This enzyme is responsible for the formation
of the cornified cell envelope by cross-linking several proteins, including
S100s and trichohyalin (Robinson et al, 1997; Tarcsa et al, 1997).
Transglutaminase type 1 is expressed in the inner root sheath and
cuticle (Tamada et al, 1995; Yoneda et al, 1998). Within differentiating
cuticular cells, S100A3 may regulate the calcium-dependent action of
this enzyme.
From the results of this study, we propose that S100A3 works in
differentiating hair follicular cells as a calcium-binding protein, prior
to its accumulation in the mature hair shaft. Unique characteristics of
S100A3 are relevant to hair shaft formation. Further study is necessary
to clarify the function of S100A3.
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